Mechanical and Corrosion Properties of Additively Manufactured CoCrFeMnNi High Entropy Alloy by Melia, Michael A. et al.
Ames Laboratory Accepted Manuscripts Ames Laboratory
10-2019
Mechanical and Corrosion Properties of Additively
Manufactured CoCrFeMnNi High Entropy Alloy
Michael A. Melia
Sandia National Laboratories
Jay D. Carroll
Sandia National Laboratories
Shaun R. Whetten
Sandia National Laboratories
Saba N. Esmaeely
The Ohio State University
Jenifer Locke (Warner)
The Ohio State University
See next page for additional authors
Follow this and additional works at: https://lib.dr.iastate.edu/ameslab_manuscripts
Part of the Manufacturing Commons, Mechanics of Materials Commons, and the Metallurgy
Commons
This Article is brought to you for free and open access by the Ames Laboratory at Iowa State University Digital Repository. It has been accepted for
inclusion in Ames Laboratory Accepted Manuscripts by an authorized administrator of Iowa State University Digital Repository. For more information,
please contact digirep@iastate.edu.
Recommended Citation
Melia, Michael A.; Carroll, Jay D.; Whetten, Shaun R.; Esmaeely, Saba N.; Locke (Warner), Jenifer; White, Emma; Anderson, Iver E.;
Chandross, Michael; Michael, Joseph R.; Argibay, Nicolas; Schindelholz, Eric J.; and Kustas, Andrew B., "Mechanical and Corrosion
Properties of Additively Manufactured CoCrFeMnNi High Entropy Alloy" (2019). Ames Laboratory Accepted Manuscripts. 473.
https://lib.dr.iastate.edu/ameslab_manuscripts/473
Mechanical and Corrosion Properties of Additively Manufactured
CoCrFeMnNi High Entropy Alloy
Abstract
This study investigates the mechanical and corrosion properties of as-built and annealed equiatomic
CoCrFeMnNi alloy produced by laser-based directed energy deposition (DED) Additive Manufacturing
(AM). The high cooling rates of DED produced a single-phase, cellular microstructure with cells on the order
of 4 μm in diameter and inter-cellular regions that were enriched in Mn and Ni. Annealing created a
chemically homogeneous recrystallized microstructure with a high density of annealing twins. The average
yield strength of the as-built condition was 424 MPa and exceeded the annealed condition (232 MPa),
however; the strain hardening rate was lower for the as-built material stemming from higher dislocation
density associated with DED parts and the fine cell size. In general, the yield strength, ultimate tensile
strength, and elongation-to-failure for the as-built material exceeded values from previous studies that
explored other AM techniques to produce the CoCrFeMnNi alloy. Ductile fracture occurred for all specimens
with dimple initiation associated with nanoscale oxide inclusions. The breakdown potential (onset of pitting
corrosion) was similar for the as-built and annealed conditions at 0.40 VAg/AgCl when immersed in 0.6 M
NaCl. Pit morphology/propagation for the as-built condition exhibited preferential corrosion of inter-cellular
Ni/Mn regions leading to a tortuous pit bottom and cover, while the annealed conditions pits resembled lacy
pits similar to 304 L steel. A passive oxide film depleted in Cr cations with substantial incorporation of Mn
cations is proposed as the primary mechanism for local corrosion susceptibility of the CoCrFeMnNi alloy.
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Graphical abstract 
 
 
Highlights: 
 Additively manufactured low porosity equi-atomic CoCrFeMnNi alloy parts. 
 Parts are single phase with inter-cellular regions enriched in Mn and Ni. 
 Tensile properties exceeded most previous work on similar alloys. 
 Initiation of pitting for CoCrFeMnNi alloy was comparable to 304L stainless steel. 
 
Abstract 
This study investigates the mechanical and corrosion properties of as-built and annealed equi-atomic 
CoCrFeMnNi alloy produced by laser-based directed energy deposition (DED)Additive Manufacturing 
(AM). The high cooling rates of DED produced a single-phase, cellular microstructure with cells on the 
order of 4 µm in diameter and inter-cellular regions that were enriched in Mn and Ni. Annealing created a 
chemically homogeneous recrystallized microstructure with a high density of annealing twins. The average 
yield strength of the as-built condition was 424 MPa and exceeded the annealed condition (232 MPa), 
however; the strain hardening rate was lower for the as-built material stemming from higher dislocation 
density associated with DED parts and the fine cell size. In general, the yield strength, ultimate tensile 
strength, and elongation-to-failure for the as-built material exceeded values from previous studies that 
explored other AM techniques to produce the CoCrFeMnNi alloy. Ductile fracture occurred for all 
specimens with dimple initiation associated with nanoscale oxide inclusions. The breakdown potential 
(onset of pitting corrosion) was similar for the as-built and annealed conditions at 0.40 VAg/AgCl when 
immersed in 0.6 M NaCl. Pit morphology/propagation for the as-built condition exhibited preferential 
corrosion of inter-cellular Ni/Mn regions leading to a tortuous pit bottom and cover, while the annealed 
conditions pits resembled lacy pits similar to 304L steel. A passive oxide film depleted in Cr cations with 
substantial incorporation of Mn cations is proposed as the primary mechanism for local corrosion 
susceptibility of the CoCrFeMnNi alloy. 
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Keywords: High entropy alloys, tensile properties, corrosion, additive manufacturing 
 
1. Introduction 
The development of compositionally complex alloys has drawn significant interest since the 
pioneering publications in 2004 on equi-atomic multicomponent alloys (high entropy alloys, HEAs) by Yeh 
et al. and Cantor et al [1, 2]. These publications opened an unexplored avenue for alloy design, which has 
the potential to tailor materials’ properties [1-3]. One of the most studied HEAs is the equi-atomic 
CoCrFeMnNi alloy, referred to as the Cantor alloy, known for being a single-phase face-centered cubic 
(FCC) material with high fracture toughness at cryogenic temperatures [1, 4-8]. 
To date, a majority of the HEAs that have been investigated were processed using traditional 
manufacturing routes, such as casting, with a primary focus on the characterization of the alloy 
microstructure evolution, kinetics of secondary phase formation during annealing/heat treatment, and 
mechanical properties [4, 6, 8-14]. Substantial work has also been performed on HEAs as coatings 
deposited using laser cladding techniques to functionalize the surface of a substrate material, such as low 
carbon steel, with the goal of improving corrosion or wear properties [15-19]. The traditional casting and 
cladding methods can lead to undesired microstructures, typically consisting of a coarse dendritic 
solidification structure, chemical heterogeneity from micro and macro-segregation of solute, and porosity, 
all of which are generally deleterious to the retention of stable, single-phase solid solutions [20]. Literature, 
until recently, is relatively lean on reports that demonstrate the viability of advanced/novel processing 
routes, such as additive manufacturing (AM), for addressing some of these issues [3, 8, 21-23].  
The purpose of this study is two-fold and synergistic. The first is to demonstrate the processing 
benefits of utilizing metal AM techniques to produce bulk HEA specimens with homogeneous 
microstructures. As a rapid solidification process, AM imposes layer-by-layer cooling rates of >103 K/s that 
suppress chemical segregation compared to the slower solidification rates of conventional casting (100– 102 
oC/s), while also promoting a relatively refined solidification substructure [24]. Both attributes are critical 
for designing and developing HEAs with the highly sought single-phase solid solution microstructures [25, 
26]. The processing benefits of AM demonstrated in this study build upon a rapidly increasing number of 
investigations that explore HEAs with AM processes [23, 26-48]. 
The second objective, owing to the unusual structure-property relationships observed with HEAs, 
is to explore and discuss the merit of using these single-phase HEAs as a ‘materials-centric’ approach to 
accelerating metal AM technologies to produce components for structural applications. Conventional alloys 
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(e.g., steels, Ti-alloys, etc.) typically develop undesired microstructure and property variability when 
processed by AM, which has limited the broader application potential of near-net-shape processing [24]. 
The aim is to explore the use of HEAs with AM to significantly reduce part variability while retaining the 
high performance necessary for structural components. 
This study focuses on AM-processing of the CoCrFeMnNi alloy, as a model material, via a directed 
energy deposition (DED) technique, Laser Engineered Net Shaping (LENS). The microstructure, 
mechanical, and corrosion behavior of DED CoCrFeMnNi is characterized for as-built and annealed 
conditions and compared to similar alloys made via other processing routes (powder bed fusion, as-cast, 
etc.). Implications of the potentially beneficial marriage between HEAs and AM are also discussed. 
2. Materials and methods 
Pre-alloyed powder of the equi-atomic CoCrFeMnNi (targeting 20 at% for each element) alloy was 
prepared by AMES Laboratory using high-pressure gas atomization (HPGA) of 18.4 kg of pre-alloyed (Fe-
Mn, Ni-Cr) and elemental (Co) charge materials in a bottom pour zirconia crucible arrangement with a 
yttria paint-coated alumina stopper rod and a yttria-stabilized zirconia pour tube, made by plasma spray 
deposition. An induction furnace was used to heat the charge materials to ~1900°C, including superheat, 
with chamber atmosphere first evacuated to 26 Pa, then backfilled to 6.89 kPa Ar (99.999% purity) over-
pressure during atomization. The molten alloy was atomized using 1.09 MPa Ar (99.999% purity) gas. The 
molten droplets rapidly solidified into pre-alloyed powders during free-fall in the spray chamber and were 
separated in the collection system. The powders were screen classified according to ASTM B214-16 into -
45, 45-75, and 75-125 µm size fractions for the laser AM build experiments [49]. Specimen were 
constructed in this study using the 45-75 µm powder size. 
DED processing of the CoCrFeMnNi alloy powder was performed using an open architecture Laser 
Engineered Net Shaping (LENS) system that utilized a 2kW fiber laser emitting at a 1064 nm wavelength 
mounted to the spindle of a Tormach PCNC 770 milling machine platform placed inside a glove box [46]. 
During processing, an inert atmosphere was maintained, with <50ppm O2 and <10ppm H2O, by 
continuously flowing Ar (99.999%) gas. A range of processing parameters were utilized, including laser 
powers between 350 – 400 W, build velocities between 400 – 600 mm/min, build layer thicknesses between 
250 – 300 µm, and hatch spacing of 800 µm. The build geometry fabricated for mechanical properties 
characterization consisted of rectangular blocks of material approximately 56 mm x 12 mm x 20 mm in 
size. For each layer of material deposited, a build pattern was utilized that first deposited the perimeter of 
the block at a build velocity of 400 mm/min, followed by an infill at 600 mm/min. An alternating 90-degree 
crosshatch pattern was used along the vertical axis. The build geometry for corrosion and microstructure 
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characterization used the same processing parameters and build strategy but with a cylinder geometry 
nominally 15 mm in diameter and 30 mm in height. 
The block and cylinder specimens were removed from stainless steel build plates using a brass wire 
electrical discharge machining (EDM), and tensile specimens were also machined via wire EDM. To 
remove the recast layer after EDM operations, an 80 vol% phosphoric acid and 20 vol% n-Butanol solution 
was used to electropolish at a temperature of 60oC and a constant voltage of 4 V for 30 seconds. The cylinder 
samples were cut into multiple 5 mm thick disk-shaped samples using a diamond saw. Annealing was 
performed on one each of the 5 mm thick disks for microstructure and corrosion analysis and 5 of the tensile 
specimens. Annealing was done in a tube furnace at 1100oC for 1 hour, with samples individually 
encapsulated in glass tubes backfilled with Ar (99.9 % purity) and furnace cooled at ~2x10-2 K/sec. 
The composition of the as-built CoCrFeMnNi alloy and the pre-alloyed powder feedstock was 
determined by inductively coupled plasma mass spectrometry (ICP-MS) along with combustion furnace 
analysis (LECO) to determine the main alloying constituents and impurities (courtesy of NSL Analytical, 
USA). 
Specimens for microstructural characterization were mounted in cold set epoxy and characterized 
parallel and perpendicular to the build direction. Specimens were ground with SiC paper and then polished 
with a 1 µm diamond suspension. To achieve a surface finish optimal for EBSD analysis, two vibratory 
polishing steps were employed with a 0.3 µm Al2O3 slurry followed by a 0.04 µm SiO2 slurry. 
Microstructure analysis was performed on a Zeiss Supra 55-VP Field Emission scanning electron 
microscope (SEM) equipped with an Oxford Instruments X-Max SDD energy dispersive spectrometer 
(EDS) and a Symmetry Electron Backscatter Diffraction (EBSD) detector. The SEM working distance was 
10 mm and the accelerating voltage was 15 kV unless otherwise stated. The step size for EBSD was 2 µm 
and the minimum size for a grain to be recognized was 4 pixels in area. 
Crystallographic information was acquired using a Siemens model D500 θ-2θ powder 
diffractometer (Bruker AXS, Inc. Madison, WI) with samples maintained at room temperature (25oC). 
Monochromatic Cu Kα (0.15406 nm) radiation was produced using a diffracted-beam curved graphite 
monochromator. Fixed slits were used, and the instrument power settings were 45 kV and 30 mA. Powder 
diffraction patterns were collected on zero-background specimen holders. The conditions for scans were as 
follows: 5-80o 2θ range, step-size of 0.04
o 2θ, 2 sec count time. Datascan V4.3 (Materials Data Inc.; 
Livermore, CA) software was used to operate the diffractometer. 
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Tensile specimens were loaded using a Servohydraulic Load Frame (MTS) with a “high-
throughput” specimen design. The method described in Salzbrenner et al. [50] was modified to allow 
individual specimens to be tested in a rack with an automated system. Force was measured with a 
conventional 2,000 lbf (~8.9 kN) load cell (Interface Inc.). The strain was measured in real-time using two-
point digital image correlation (DIC) through VicGage software (Correlated Solutions Inc.) and FLIR 
Grasshopper USB 3.0 cameras acquiring strain measurements at 45 frames per second. Subsequently, the 
specimen was loaded to failure. Five specimens from each condition were tested. Images were acquired at 
a slower rate (1 fps) for post-test full-field DIC analysis. Full-field DIC analysis was performed using Vic2d 
(Correlated Solutions) with a subset size of 41 pixels and a step size of 3 pixels. The two-point DIC 
extensometers used subset sizes ranging from 81-131 pixels and an extensometer length encompassing most 
of the specimen gage length (4 mm). Images from the cameras at zero load were used to establish specimen 
dimensions, comparing to a reference standard. Specimens were loaded to failure in displacement control 
at a rate of 0.0125 mm/mm/s. 
Electrochemical experiments were performed on the disk specimens using a Biologic SP-300 
multichannel potentio/galvanostat in a standard three-cell electrode setup with a Pt mesh counter electrode 
and Ag/AgCl reference electrode. All electrochemical experiments were carried out at 21 ± 1o C and 
repeated a minimum of 5 times. Corrosion of the polished surfac s, to 1200 grit finish with SiC paper, was 
investigated utilizing cyclic potentiodynamic polarization (CPP) measurements. Test areas were masked 
off with quick-set epoxy to minimize crevice corrosion and exclude porosity from the exposed area and 
typically ranged from 0.3 to 0.7 cm2 (measured separately for each specimen by optical microscopy). The 
CPP experiments were performed in quiescent 0.6 M NaCl solutions after immersion at open circuit 
potential (EOCP) for one hour. A scan rate of 1 mV/s was employed to determine the breakdown potential 
(EB) and repassivation potential (ER) of the exposed surface, reversing the scan when a current density of 
~100 µA/cm2 was achieved (after pitting initiated). The faster potentiodynamic scan rate than the typical 
0.167 mV/sec. was chosen because no difference in EB was observed between the two scan rates, however 
on the reverse scan crevice corrosion consistently occurred for the 0.167 mV/sec scan rate samples. Post-
mortem analysis of the pits formed by the CPP measurements was performed by SEM. 
3. Results and Discussion 
3.1 Feedstock and as-built parts characterization 
Table 1: Composition of HEA powder and as-built material. 
Composition (wt%) Al C Co Cr Fe Mn Ni N O Si S 
Powder 
0.003 ± 
0.00045 
0.005 ± 
0.00075 
20.9 ± 
0.42 
18.5 ± 
0.37 
20.1 ± 
0.40 
19.1 ± 
0.38 
21.3 ± 
0.43 
0.002 ± 
0.00026 
0.064 ± 
0.0096 
0.007 ± 
0.001 
0.008 ± 
0.0012 
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The nominal chemistry for the CoCrFeMnNi powder and AM-processed specimens is shown in 
Table 1. The composition was near the desired nominal values for the equi-atomic alloy, except for a slight 
decrease in Cr presumably due to preferential oxidation during processing. Note, the composition of the 
major alloying constituents in the powder and AM-processed specimens were similar. Differences between 
the as-built material and powder revealed a slight increase in O content, common for alloys processed by 
AM [51-53]. 
Morphology of the powder was characterized by SEM in Fig. 1a and shows that the feedstock was 
mostly spherical with a significant population of fine particle satellites attached (welded). Select particles 
were elliptical in shape while others appeared to be agglomerations of smaller particles, as seen in the inset 
image in Fig. 1a. Regardless of morphology, a cellular microstructure was observed for the particles in the 
As-built 
0.006 ± 
0.00012 
0.005 ± 
0.00075 
21.3 ± 
0.43 
18.2 ± 
0.36 
20.5 ± 
0.40 
18.5 ± 
0.37 
21.5 ± 
0.43 
0.0021 ± 
0.00032 
0.055 ± 
0.0083 
0.01 ± 
0.0015 
0.005 ± 
0.00075 
(a) (b) 
100 µm 
10 µm 
10 100 1000
0
10
20
30
V
o
lu
m
e 
%
Particle diameter (m)
Average particle size = 67 m
10 20 30 40 50 60 70 80
{1
11
}
{2
00
}
In
te
n
si
ty
 (
ar
b
.)
2 (degrees)
{2
20
}
Annealed 
a
o
 = 3.604(9) Å 
As-built 
a
o
 = 3.596(3) Å  
Powder 
a
o
 = 3.591(5) Å  Fig. 1. (a) Backscattered electron micrograph showing powder morphology with the (b) particle distribution of the 
CoCrFeMnNi powder used in the DED process. 
Fig. 2. XRD results for the CoCrFeMnNi alloy powder, as-built, and the annealed 
specimens, both measured parallel to the build direction. All peaks line up with 
prototype FCC alloy (Taenite PDF# 00-047-1417). 
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inset image, typical for gas atomized particles. The particle size distribution of the as-processed powder, 
sieved to 45-75µm, in Fig. 1b shows the particle diameters ranged from ~40 to 100 µm with an average 
diameter of 67 µm. A FT4 Powder Rheometer® was used at a tip speed of 100 mm/s to obtain a basic 
flowability energy (BFE) for the pre-alloyed powder of 783 mJ, similar to other measurements for similar 
powder diameter [54]. 
Results from XRD phase analysis of the CoCrFeMnNi powder, as-built and annealed specimens 
are shown in Fig. 2. The powder, as-built, and annealed specimens correlated to a single-phase FCC 
structure, with lattice parameters of 3.59 Å for powder and 3.60 Å for both as-built and annealed specimens, 
within the detection limit of XRD (phase fraction > 0.5 wt.%). The as-built specimens exhibited a slightly 
more intense peak for the (220) plane than the annealed condition, suggesting a preferred crystallographic 
texture in as-built material. This is further discussed in the EBSD section.  
B
u
il
d
 d
ir
ec
ti
o
n
 
B
u
il
d
 d
ir
ec
ti
o
n
 
2 mm 1 mm 
(a) (b) 
Fig. 3. Optical micrographs of an (a) as-built pillar in and a (b) single tensile bar 
sample (after testing) made by EDM and electropolishing. 
10 µm 
Fig. 4. Secondary electron micrograph of the gas pore (hemispherical depression) and oxides (small black dots) randomly 
distributed throughout the DED consolidated CoCrFeMnNi alloy. 
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Images of an exemplar DED-processed cylinder and block are shown in Fig. 3a along with a 
fractured specimen after electropolishing and tensile testing in Fig. 3b. The relative density of the as-built 
part was 7.940 g/cm3, determined using the Archimedes method which is near the theoretical density of 
8.036 g/cm3, giving a porosity of 1.2 %. Much of this porosity was observed to consist of ~30 µm diameter 
gas pores with a typically spherical morphology, shown in Fig. 4. This pore size and shape is typical of gas 
atomized powder, where internal pores filled with atomization gas (Ar) are carried through consolidation, 
especially for a powder size distribution that contains a significant amount of powder particle size greater 
than 60-70µm [55, 56]. Neglecting the small fraction of spherical pores, this near fully dense part is 
representative of alloy microstructures made with an optimized DED process [46].  
3.2 As-built and annealed microstructure 
Backscatter electron channeling micrographs reveal the predominately cellular solidification sub-
structure for the as-built material in Fig. 5a and the equiaxed, homogenized grain morphology of the 
annealed material in Fig. 5b. Annealing twins were observed for the heat-treated CoCrFeMnNi alloy, 
typical for annealing above 800oC and indicative of a low stacking fault energy [10]. The cellular structure 
2 µm 
(d) Fe-K
α
 
(f) Cr-K
α
 (g) Co-K
α
 (h) Ni-K
α
 
(e) Mn-K
α
 
(a) (b) 
(c) 
5 µm 5 µm 
Fig. 5. Backscatter electron channeling micrographs of the (a) as-built and (b) annealed microstructures as well as a (c) 
backscatter electron micrograph of the as-built microstructure with (d) through (h) showing accompanying EDS 
elemental maps of Fe, Ni, Cr, Co, and Mn. 
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of the as-built material was quite fine, ~4 µm in width, typical of the rapid solidification conditions of LENS 
processes. Numerous oxides were observed in both the as-built and annealed specimens with a near-uniform 
and random distribution, seen as dark spots on the micrographs bordered by halos. EDS maps for the as-
built material are shown in Fig. 5d – h with the accompanying backscatter image in Fig. 5c showing a fine 
cellular solidification structure with Mn and Ni-rich inter-cellular regions (~1-2 µm thick). The annealed 
microstructure was chemically homogeneous (not shown) within the spatial resolution of the SEM-EDS 
measurement (~1 µm). 
For all published AM studies involving the CoCrFeMnNi alloy, a single phase FCC microstructure 
has been observed, similar to cast microstructure, yet there are conflicting results on the extent of the 
microsegregation observed in additively as-built material [30, 32-34, 36, 37, 43-45, 48]. Li, et al. [32] 
observed local enrichment of Mn at melt boundaries and the specimen surface in addition to the existence 
of a nanoscale Cr-rich σ phase for the CoCrFeMnNi alloy built via laser powder bed fusion (PBF), while 
no chemical segregation was associated with the subcellular structure. Similarly, Zhu, et al. [36] showed 
Mn segregation at melt boundaries when using a laser PBF technique and no segregation at the dislocation 
cell walls, however, no σ phase was observed. Xiang et al. [37], on the other hand, did not observe any 
substantial chemical segregation for CoCrFeMnNi alloy parts built using a DED technique, differing from 
the work by Chew et al. [48] which utilized a similar DED method. The lack of chemical segregation from 
the study by Xiang et al. appears unexpected given the results in Fig. 5 and is likely due to low-resolution 
EDS maps. Regardless, the partitioning of Mn in this study agrees with observations from previous reports 
[1, 13, 44, 48]. Additional work is required to determine if chemical segregation was associated with the 
macroscopic melt pool boundaries, in addition to the cellular solidification structure. 
Min. = 0.12  
Max. = 4.06 
Min. = 0.38  
Max. = 1.82 
(001) Min. = 0.09 
Max. = 4.29 
111 
101 
100 
200 µm 
Min. = 0.16  
Max. = 2.43 
200 µm 
(a) 
(001) (d) 
(b) (c) 
(e) (f) 
Fig. 6. EBSD data for the (a-c) as-built and (d-f) annealed material, all coloring and pole figures shown are parallel with 
respect to build direction. Pole figures are shown in (a) and (d) with respect to the {001} planes, inverse pole figures are 
shown in (b) and (e) and inverse pole figure maps are shown in (c) and (f). 
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The two PBF studies also discussed homogenization of as-built materials after an annealing 
treatment above 900oC; one used hot isostatic pressing (HIP) and another conventional annealing at 900oC 
for 1 hour [32, 36]. Both treatments chemically homogenized the microstructures and relaxed the dense 
dislocation substructure. Similar homogenization treatments above 900oC have also been used for cast 
CoCrFeMnNi [32, 57, 58]. The Cr-rich σ phase is typically observed after long annealing times, and only 
observable by high-resolution transmission electron microscopy for the PBF study by Li, et al. [32], 
corroborating the hypothesis that it was not detected in the present study due to resolution limitations [21]. 
Fig. 6a shows the {001} pole figure of the as-built material parallel to the build direction. The 
inverse pole figure is shown in Fig. 6b. The textures exhibited a relatively low strength of 4.29 and 2.43 
multiples of a random distribution for the pole figure and inverse pole figure, respectively. The inverse pole 
figure shows some preferred alignment of the texture along the {110} crystallographic planes. This weak 
texture is visually shown by the inverse pole figure color map in Fig. 6c for the as-built microstructure with 
a large number of grains oriented along the {110}. Melt pool boundaries are indicated by the solid black 
lines in Fig. 6c, indicative of hatch spacing of ~500 µm. The XRD data from Fig. 2 exhibited signs of this 
weak {110} texture along the build direction for the as-built condition by showing a relative increased 
intensity for the {220} diffraction peak. Similar textures for AM material have been noted previously in the 
literature. One example is the FCC Ni alloy 718, which has a characteristically strong {110}-type texture 
along the build direction and a {100} texture along the transverse direction, associated with the 
solidification direction for cubic metals [59]. A strong {100} texture perpendicular to the build direction 
was not observed for the present work, likely a result of the build strategy, which has been shown to 
influence texture dramatically for AM materials [59-63]. Complementary data for the annealed specimen 
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is shown in Fig. 6d, e, and f revealing a weaker and more random texture, perhaps expected after an 
annealing and homogenization treatment. 
Grain boundary angle and average grain misorientation was also extracted from the EBSD data and 
presented in Fig. 7 as maps and histograms. The grain boundary angle map for the as-built condition in Fig. 
7a shows a range of high angle grain boundaries with no preferred angle, implying a random distribution. 
Following the annealing treatment, the grain boundary angle distribution changed dramatically, as shown 
in Fig. 7b by the abundance of red boundary lines, indicative of Σ3 coincident site lattice (CSL) boundaries, 
representing ~69% of the total boundary density. The histogram in Fig. 7c shows this change in grain 
boundary angle distribution, along with a smaller peak between 36 and 40o, suggesting the prevalence of 
other CSL boundaries, such as Σ9 and Σ27. A random distribution of high angle grain boundaries is common 
for as-cast material even with a strong texture [64]. Faster cooling rates, like those imposed during AM 
processes, can impede the formation of grain boundaries in their lowest energy state, limiting the formation 
of twins and other CSL boundaries [64]. From this analysis, the grain size was also determined to be 42 µm 
for the as-built and 99 µm (excluding twin boundaries) for the annealed conditions, respectively. 
Maximum orientation spread maps presented in Fig. 7d and e represent the maximum 
misorientation within a grain showing high-intensity maximum orientation spread values for the as-built 
material and significantly lower maximum orientation spread values for the annealed specimen. Often used 
to quantify the extent of recovery/recrystallization, the high dislocation and vacancy density typically found 
with AM materials lead to higher maximum orientation spread values, as was observed for the as-built 
microstructure. Retention of a higher dislocation and vacancy density in as-built AM material is perhaps 
not surprising, given the high residual stress that is typical in material processed by DED methods [65]. 
The distribution in maximum orientation spread became significantly narrower and smaller for the annealed 
microstructure, suggesting complete recovery and recrystallization (see Fig. 7f). 
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3.3 Mechanical Properties 
The tensile behavior of five as-built and five annealed specimens were examined. The engineering 
stress-strain curves in Fig. 8a shows larger yield strength for the as-built material and larger elongation-to-
failure for the annealed material. The unloading line at 2% strain in each curve was intentionally performed 
to obtain a more accurate measure of unloading modulus. True stress-strain curves are presented in Fig. 8b 
and were differentiated to measure the hardening slope throughout the test. Hardening slope values, 
normalized by a shear modulus of 85 GPa from Laplanche, et al. [58], are presented in Fig. 8c. As expected, 
the annealed material exhibits more hardening due to its lower yield strength and higher ultimate tensile 
strength and is an additional indicator of higher dislocation density in the as-built case due to processing-
induced residual stress. The strain hardening rate for CoCrFeMnNi is also dependent on grain size with 
grain refinement suppressing deformation twinning by increasing the critical stress for twinning [66], 
another possible reason for the lower strain hardening rate for the as-built material. The as-built and 
annealed hardening slopes are in good agreement with values reported by Laplanche et al. [58] for a cast 
and recrystallized CoCrFeMnNi alloy. 
Fig. 8. Curves from tensile tests for (a) engineering stress vs. engineering strain, (b) true stress vs. true strain, and (c) strain hardening rate 
of the as-built and annealed samples. Representative fracture surfaces at (d) low and (e) high magnification for an annealed specimen. 
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Fractographs of representative annealed samples are shown in Fig. 8d and e at two magnifications. 
Notably, the fracture surfaces are indicative of ductile fracture, further corroborated by the DIC videos in 
Fig S1. These images show evidence of necking, a non-flat fracture surface, and no large-scale defects (e.g. 
lack of fusion porosity). Fig. 8e also shows a typical ductile fracture surface with extensive dimpling. Most 
dimples in Fig. 8e contained inclusions toward their bottom and were characterized via EDS to be primarily 
Al-containing oxides, which likely acted as the initiation sites for micro-void formation, ultimately leading 
to fracture during tensile testing [67]. The propensity of Al-containing oxide particles to form can be 
expected from the oxidation susceptibility of Al compared to the other elements in the CoCrFeMnNi HEA 
despite Al only being found in trace amounts, see Table 1 [68]. Controlling the oxide particles size, density, 
and distribution could impact mechanical properties. For example, an increase in the oxide particle 
volumetric density and a decrease in particle size could promote an increase in tensile strength and a 
reduction in ductility [69]. However, the origin of each nanoscale oxide particle is unknown without further 
investigation given their compositional variability. Hence, reducing the Al concentration may limit the 
number of Al-rich oxide particles but not necessarily the effective amount and distribution of total oxide 
particles since other elements have been shown to form similar nanoscale oxide particles [48]. 
Mechanical properties of this material are compared to published values in Figs. 9a, b, and c [12, 
30, 32, 37, 43, 44, 48, 70]. The UTS values measured in this work are among the highest reported for the 
CoCrFeMnNi alloy, in some cases by more than 130%, with an average of 651 MPa for the as-built 
condition and 647 MPa for the annealed. Yield strengths and elongation-to-failure of this material are in 
line with the ranges observed in prior work, with values of 424 MPa and 48% for as-built, and 232 MPa 
and 58% for annealed, respectively. A slight enhancement to the elongation to failure has been known to 
occur for the stout “high-throughput” specimens used in the presented work, a potential source of error 
when comparing to other studies [50]. These yield strengths follow the Hall-Petch relationship established 
by Sun et al. [71] for the CoCrFeMnNi alloy if the average cell diameter (4.3 µm) is used as the grain size 
for the as-built condition, suggesting a significant contribution to the strength of specimens. However, 
additional characterization is required to decouple the role of independent microstructural features (e.g., 
dislocation density, cell size, grain size, etc.) on the macroscopic strength. Replacing the grain size with 
cell size in the Hall-Petch relationship has been shown to work for other AM studies [48] however 
deviations are observed for AM material with finer (sub-µm) cell size [36]. The variation in properties was 
also low, relative to literature, indicating consistent behavior for the DED material produced for this study, 
and highlighting the well-known importance of AM process optimization to minimize solidification defects. 
Jo
ur
na
l P
re
-p
ro
of
15 
 
Further comparison of the CoCrFeMnNi HEA from this study to other alloys using an Ashby-style 
plot correlating elongation-to-failure and engineering ultimate tensile strength is shown in Fig. 10 [3, 8, 36, 
43-45, 72-76]. The tensile behavior of the HEA in the present study consistently outperformed other AM 
CoCrFeMnNi HEAs, while the other conventionally processed (i.e., non-AM) CoCrFeMnNi HEAs 
spanned a significantly wider property range. The other AM HEA studies frequently exhibited inferior 
tensile properties to the current study likely because of substantial lack of fusion porosity, a common AM 
defect known to act as initiation sites for fracture [32, 77]. Other differences that could contribute to the 
superior response in this study may originate from a difference in dislocation structure compared to other 
AM techniques or increased nanoscale oxide particle density/distribution. In addition, the CoCrFeMnNi 
specimens from this study were also at the upper bound of both strength and ductility, with values similar 
to or exceeding those typically reported for austenitic stainless steels and highly twinned steels. 
Fig. 9. Summary of (a) average engineering ultimate tensile strength, (b) average engineering yield strength, and (c) 
elongation-to-failure for this and several other studies of the CoCrFeMnNi alloy made using various processing routes. 
The bars on data represents maximum and minimum values. 
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A few comments are worth mentioning to contextualize the mechanical performance of AM 
processed CoCrFeMnNi. First, it is informative to compare as-built AM and as-cast CoCrFeMnNi property 
data in Fig. 9, since as-built and as-cast conditions represent material synthesized without relying on 
secondary or post-processing steps, a desired advantage of near-net-shape AM to produce parts that are 
“Born Qualified” [78]. Relative to as-cast material, nearly all reported data to date for as-built AM 
CoCrFeMnNi show a higher ultimate tensile strength and yield strength. Conversely, the ductility of AM 
materials is generally lower, though with notable exceptions like the present study, where ductility was 
comparable to annealed material. The higher ultimate tensile strength value for AM material is encouraging 
because it indicates that the material is in a condition that is, in general, more accommodating of 
deformation, a critical attribute for many structural engineering applications. In a dead-weight load 
application, for example, as-built AM CoCrFeMnNi would significantly outperform the cast material and 
enable improved design opportunities for components. The second consideration is illustrated in Fig. 10. 
While austenitic steels have been shown in select cases to exceed the property ranges of the CoCrFeMnNi 
alloy, the as-built HEA had a high combination of strength and ductility, a desirable performance metric in 
structural applications exceeding those achievable with conventionally processed twinning-induced steels. 
This combination of high strength and ductility with as-built AM-processed CoCrFeMnNi highlights the 
value proposition of implementing single-phase HEAs as a basis for fabrication of near-net-shape structural 
Fig. 10. Ashby plot of elongation-to-failure and engineering ultimate tensile strength for the CoCrFeMnNi alloy in 
this study, previous AM studies on 316L and the CoCrFeMnNi alloy, and CoCrFeMnNi alloys made by more 
conventional processing routes. The symbol represents an average value and the bars represent a maximum and 
minimum of reported values. The red circle represents general austenitic stainless steel mechanical properties. The 
light blue line bounds the general mechanical properties of highly twinned steels, which have a similar strain 
hardening behavior to CoCrFeMnNi. 
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parts that can meet the performance of conventional materials. This presents an important step forward for 
metal AM with currently available processing tools, with which conventional alloys such as steels typically 
and often drastically underperform wrought material. 
3.4 Corrosion behavior 
 Representative curves from the cyclic potentiodynamic polarization (CPP) tests are shown in Fig. 
11a and the range of values for open circuit potential (EOCP), breakdown potential (EB), and repassivation 
potential (ER) measured during these tests are presented in Fig. 11b. These results show that the as-built 
and annealed HEA behaved comparably to wrought 304L in 0.6 M NaCl but with generally lower EB. By 
contrast, the EB of the as-built and annealed HEA in this study was an average of ~300 mV higher than 
CoCrFeMnNi cast/annealed [79] and laser clad [17] CoCrFeMnNi tested under similar conditions and 
reported by others, as seen in Fig. 11b. Although the as-built and annealed HEA behaved similarly, a two-
tailed t-test indicates that the ER of the annealed material was significantly higher (p-value < 0.05) than the 
as-built. The origin of this difference will be addressed later. 
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SEM micrographs shown in Fig. 12 of pits formed after CPP measurements for the as-built and 
annealed materials revealed preferential corrosion of the Mn and Ni-rich inter-cellular regions of the as-
built material. Pits on the as-built material exhibited pit covers (a portion of the surface covering the pit 
opening) identical to that shown in Fig. 12a where the inter-cellular regions were selectively attacked. At 
higher magnification in Fig. 12b the preferential oxidization of the inter-cellular regions (darker contrast) 
is shown along with selective corrosion causing penetration through the thickness of the pit cover. This pit 
morphology and inter-cellular corrosion is similar to that observed by Ye, et al. [17] for a laser clad coating 
of the equi-atomic CoCrFeMnNi alloy. Fig. 12a also revealed the tortuous bottom of the pit which correlates 
with the inter-cellular structure and selective corrosion of the inter-cellular regions. The pits formed on the 
annealed material after CPP are shown in Fig. 12c and d and resemble a lacy pit morphology, typical for 
pits formed on 304L steel [80, 81]. The pit bottom, shown in Fig. 12c, was significantly smoother compared 
to the as-built pit bottom, indicative of the chemically homogeneous (i.e., wrought-like) microstructure for 
the annealed condition. Particles approximately 100 nm in diameter were observed on the surface of the pit 
cover and within the pits of the as-built and annealed pits, shown in Fig. 12b and d. These particles were 
determined via EDS spot analysis to primarily be Al/Si oxides, the same as observed prior to corrosion in 
Fig. 5 and in the dimples of the fractured tensile specimen in Fig. 8e. The oxide particles were likely 
dislodged after corrosion occurred for the alloy surrounding them. 
The observed selective attack of the segregated inter-cellular regions can be attributed to two 
primary and possibly synergistic factors. First, the corrosion potential of Mn is 0.6 – 1.0 V lower than Co, 
Cr, Fe, and Ni in chloride media which could lead to galvanic coupling effects [68, 82-85]. Second, Cr 
Fig. 12. SEM images of pit morphology for the (a, b) as-built and (c, d) annealed condition after CPP measurements in 0.6 M NaCl. 
Lower magnification backscatter electron images in (a) and (c) reveal the pit bottom for both conditions while the higher 
magnification secondary electron images in (b) and (d) show the pit cover and dislodged oxide inclusions. 
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depletion in the intercellular regions could lead to weaker passive oxide films [86-88]. The larger variance 
in EB of the as-built versus the annealed material, Fig. 11b, may be indicative of these factors whereby a 
higher frequency of pit initiation sites was associated with the as-built material. 
The tortuous pit morphology resultant from the selective attack of the inter-cellular regions of the 
as-built HEA was the likely cause for lower ER relative to the annealed condition. Repassivation of a pit is 
controlled by the diffusion of metal cations out of the pit coupled with the pit bottoms solution/salt film 
composition required to reform the protective passive oxide film [89, 90]. Hence a tortuous pit morphology 
that can obstruct or lengthen this diffusion path will slow this diffusion process, causing a lower ER. These 
results and analysis taken together, indicate that the homogenized microstructure of the annealed material 
has favorable pitting resistance over the as-built DED material in neutral chloride media. 
The comparable Cr content in the CoCrFeMnNi alloy (18.2 wt%) and 304L (18.4 wt%) stainless 
steel suggests similar pitting resistance, however, the lower EB of the HEA indicates it may be more 
susceptible than 304 in chloride media. Recent work by Luo, et al. [91] revealed the passive film of a cast 
and annealed CoCrFeMnNi HEA contained a lower fraction of Cr cations than was observed for 304L when 
potentiostatically grown in 0.1 M H2SO4. Many of the other alloying elements (Ni, Mn, and Co) were 
present as cations in the passive film for the HEA in concentrations similar to their equi-atomic 
composition, suggesting minimal selective oxidation as is typically observed for the Cr cation rich passive 
film of 304L [92-94]. This deficiency of Cr cations in the passive film has been proposed as a reason for 
the lower EB of the HEA, compared to 304L, a characteristic that was observed in the present study, as well 
as a number of other potentiodynamic studies in NaCl solutions [17, 79, 95, 96]. 
The abundance of Mn in the HEA may also play a role in the reduced EB having been shown to 
adversely affect the passive behavior of Fe-based alloys [97-106]. Incorporating Mn into steels consistently 
reduces the EB of 200 series stainless steels compared to 300 series stainless steels and increases the passive 
current density of high Mn (~25 wt%) steels, commonly attributed to the formation of several µm sized 
MnS inclusions, which act as preferred pit initiation sites [101-108]. No MnS inclusions were observed for 
the HEA in this study and are generally uncommon for AM materials, however, Mn may directly influence 
the passive oxide films kinetics as has been seen for the high-temperature oxidation behavior of 
CoCrFeMnNi alloys. Studies on the oxidation behavior of CoCrFeMnNi alloys have pointed to high 
diffusion rates of Mn through the oxide films as a major contributor to rapid oxidation kinetics, seemingly 
analogous to what was observed during electrochemical passivation by others [109, 110]. A more detailed 
study of the nature of HEA oxides films and passivity are required to pinpoint the origins of this behavior 
and any considerable differences in corrosion resistance. 
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4. Conclusions 
Low porosity, high strength, and high ductility bulk HEA parts were processed from pre-alloyed 
CoCrFeMnNi powder using a DED technique. The as-built microstructure and chemical properties 
resembled those of a fine cellular morphology, typical of rapid solidification, with refined chemical 
segregation. The microstructure of additively manufactured parts exhibited Mn and Ni enriched inter-
cellular regions, and a single FCC phase microstructure, which was retained after annealing. Sub-
micrometer size Al/Si oxide particles were found randomly distributed throughout the microstructure and 
acted as initiation sites for ductile fracture during tensile tests, found at the center of most dimples. The 
tensile behavior of the as-built condition exhibited higher yield strength and ductility relative to other AM 
and casting studies of the CoCrFeMnNi alloy. The strain hardening rates for the as-built material was lower 
compared to the annealed CoCrFeMnNi alloy because of a higher dislocation density and fine cell structure. 
The open circuit (~ -0.25 VAg/AgCl) and breakdown potential (~ 0.40 VAg/AgCl) for the as-built and 
annealed CoCrFeMnNi alloy were similar on immersion in 0.6 M NaCl solution. The as-built condition 
exhibited higher susceptibility to local corrosion (lower corrosion resistance) than the annealed HEA 
material substantiated by a lower repassivation potential and a tortuous pit morphology resultant from the 
selective attack of inter-cellular regions. The selective attack of as-built specimens stemmed from the local 
depletion of Cr and the potential for micro-galvanic couples to form at Mn/Ni-rich inter-cellular regions. 
The difference in breakdown potential between the HEA and 304L steel (0.8 VAg/AgCl) is suspected to be 
caused by a lower concentration of Cr cations in the HEA passive film as observed by previous authors 
however the mechanisms and general understanding of passivation of these chemically complex alloys is 
an area of active research. Overall, this study shows that HEAs can retain a beneficial combination of 
mechanical and corrosion properties and suggests that compositionally complex alloys should more 
generally be pursued as a materials-centric approach to metal AM, complimenting the traditional 
processing-centric methodology. 
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